The NF-B pathway plays a pivotal role in proliferation, differentiation, apoptosis, and immune responses in mammals. The NF-B inhibitor, IB, has classically been characterized for its ability to sequester NF-B transcription factors in the cytoplasm. Nevertheless, a nuclear fraction of IB␣ has consistently been detected and associated with repression of nuclear NF-B. Now we show that IB␣ physically associates with different repression elements such as nuclear corepressors and histone acetyltransferases and deacetylases (HDACs). More remarkably, chromatin immunoprecipitation experiments demonstrate that IB␣ is recruited to the promoter regions of the Notch-target gene, hes1, together with HDAC1 and -5, whereas we did not detect IB␣ associated with classical NF-B target genes such as IL6 and RANTES. TNF-␣ treatment results in a temporary release of IB␣ from the hes1 promoter that correlates with increased histone acetylation and transcriptional activation. In addition, we demonstrate that both IB kinase-␣ and -␤ are simultaneously recruited to the hes1 promoter in response to TNF-␣, coinciding with a maximum of IB␣ release and gene activation. Moreover, TNF-␣-dependent histone H3 acetylation, release of IB␣ from the hes1 promoter, and hes1 mRNA synthesis are affected in IKK-␣ ؊/؊ mouse embryonic fibroblasts. We propose that IB␣ plays a previously undescribed role in regulating the recruitment of repression elements to specific promoters. Recruitment of IKKs to the nucleus in response to TNF-␣ may induce chromatin-associated IB␣ release and gene activation. These findings provide additional insight in the cross-talk between NF-B and other signaling pathways.
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IB kinase ͉ NF-B ͉ chromatin ͉ TNF-␣ T he role of histone acetyltransferases and deacetylases (HDACs) in the control of individual gene expression has clearly been established. A diversity of complexes containing different combinations of corepressors and HDACs mediate specific gene silencing, thus playing critical roles in the regulation of biological processes, including cell proliferation, development, and tissue homeostasis (1-3). Nuclear corepressor (NCoR) and silence mediator of retinoic acid and thyroid hormone (SMRT) are components of these multiprotein repression complexes and interact with other repression elements such as mSin3, Sharp (4), or different HDACs class I (5, 6) and class II (7) . In addition, they also associate with several transcription factors (7, 8) , including nuclear hormone receptors (9) , MyoD (10), p65-NF-B (11), or RBP-J (12), which are thought to drive the repression complexes to specific gene promoters.
The IB proteins are classically considered as the specific inhibitors of the NF-B transcription factors (13) . In the canonical NF-B pathway, the NF-B inhibitor IB binds to different NF-B homo-or heterodimers, thus masking their nuclear localization sequences and causing their cytoplasmic retention. Multiple NF-B stimuli, including TNF-␣, activate the IB kinase complex that in turn binds and phosphorylates cytoplasmic IB, leading to its proteasomal degradation (14, 15) . This allows the NF-B transcription factors to translocate into the nucleus and activate gene transcription (reviewed in refs. 15 and 16) . Nevertheless, several reports have demonstrated that IB␣ can also shuttle between the nucleus and the cytoplasm (17, 18) , thus adding further complexity to the system. Although nucleocytoplasmic shuttling of IB␣ is important for regulating NF-B signaling termination (19, 20) , its physiological relevance is not completely understood, thus pointing to the possibility that IB␣ can play additional nuclear functions (21). Recently, a new nuclear function for IB kinase (IKK-␣) in phosphorylating histone H3 has been reported. IKK-␣ is specifically recruited to the chromatin of NF-B-dependent promoters in response to TNF-␣ and participates in the activation of these genes. Nevertheless, not only IKK-␣, but also IKK-␤, is recruited to the chromatin, and they are both required for the appropriate transcriptional activation of NF-B targets (22, 23) .
We have shown that p65-NF-B and IB␣ participate in the regulation of the Notch-target gene, hes1, which is not a classical NF-B target gene (11, 24) , by modifying subcellular distribution of repression elements such as N-CoR. Besides, recent work showed the association of cytoplasmic IB␣ with HDACs class I (25) . Now, we present evidence that IB␣ regulates transcription through its recruitment to the DNA regulatory regions of hes1 together with HDAC1 and -5. Release of IB␣ in response to TNF-␣ is associated with acetylation of the hes1 promoter and increased transcriptional activation of the gene. In addition, IKK-␣ and -␤ are recruited to the hes1 promoter in response to TNF-␣ and release of hes1-associated IB␣ together with TNF-␣-dependent hes1 activation is affected in IKK-␣-deficient mouse embryonic fibroblasts (MEFs). Surprisingly, this regulatory mechanism is not operating on two classical NF-Bdependent genes such as IL-6 and RANTES.
Materials and Methods
Plasmids. Expression vectors for pCMV-HA-IB␣ [32] [33] [34] [35] [36] , mycSMRTc, f lag-N-CoR, f lag-HDAC4, f lag-HDAC5, f lag-HDAC1, and f lag-HDAC2 have been described (8, 26 -28) . Myc-N-CoRc and GFP-N-CoR details are available upon request.
Cell Culture and Transfection. 3T3, 293T, L929sA, IB␣ Ϫ/Ϫ , WT MEF, IKK-␣ Ϫ/Ϫ , and IKK-␤ Ϫ/Ϫ MEF were cultured in DMEM and 10% FBS. Cells were plated at subconfluence and transfected with Lipofectamine Reagent (Invitrogen). Murine and human TNF-␣ were purchased from PeproTech (Rocky Hill, NJ) and Upstate Biotechnology and were used at 25-40 ng͞ml, respectively.
Coimmunoprecipitation Assays. Cells were lysed for 30 min at 4°C in 500 l of immunoprecipitation (IP) buffer containing 0.5% Triton X-100, 1 mM EDTA, 100 M Na-ortovanadate, 0.25 mM PMSF, and protease inhibitor mixture (Roche Diagnostics) in PBS. After centrifugation, supernatants were incubated for 3 h at 4°C with 1 g of the indicated antibody coupled to Protein A-Sepharose beads.
Immunofluorescence. 3T3, 293T, and IB␣ Ϫ/Ϫ MEF or IB␣ WT MEF were seeded on slides and transfected with the different plasmids. After 48 h, cells were fixed in 3% paraformaldehyde and permeabilized in 0.3% Triton X-100͞10% FBS͞5% nonfat dry milk in PBS and incubated with the primary and secondary antibodies. Slides were visualized in an Olympus BX-60 (Melville, NY) microscope or in a Leica (Deerfield, IL) TCS-NT laser-scanning confocal microscope with the ϫ63 Leitz PlanApo objective (numerical aperture, 1.4).
Northern Blot Analysis. Total RNA was extracted by using the TRIzol Reagent (Invitrogen) following the manufacturer's instructions. Hybridization was analyzed in a PhosphoImager (Molecular Imager FX, Bio-Rad), and RNA levels were quantified with QUANTITY ONE software (Bio-Rad). To evaluate the statistical significance, the area under the curve (AUC) was calculated for the increase from baseline between 0 and 60 min (AUC 0 -60min ) by using the standard trapezoidal method.
Chromatin IP (ChIP) Assay. Chromatin from crosslinked cells was sonicated, incubated with primary antibodies in RIPA buffer, and precipitated with protein G͞A-Sepharose. Crosslinkage of DNA-protein complexes was reversed, and DNA was used as a template for PCR. For second ChIP experiments, complexes from the first ChIP were eluted by incubation in 25 l of 10 mM DTT for 30 min at 37°C. After centrifugation, the supernatant was diluted with RIPA buffer and subjected to the ChIP procedure. PCR primers are available upon request.
Results
We previously described (11, 24 ) that p65 and IB␣ can interact with the nuclear corepressor SMRT, thus modulating the transcriptional activation of NF-B-independent promoters, and we hypothesized that IB␣ together with p65 could play a direct role in transcriptional repression. Coprecipitation experiments demonstrated that the nondegradable IB␣ [32] [33] [34] [35] [36] mutant (29) (Fig. 1b) . As a control, we did not detect IB␣ [32] [33] [34] [35] [36] in the precipitates from other myc-tagged proteins such as dishevelled1 (dvl1) or the nuclear form of Notch1 (N1-IC) (Fig. 7 , which is published as supporting information on the PNAS web site). We next investigated whether these interactions occur under physiological conditions. Using 293T cell extracts, we demonstrated that endogenous IB␣ coprecipitates with ␣-SMRT (Fig. 1c) and ␣-HDAC1 and -5 antibodies, whereas no IB␣ was detected in the precipitates with nonrelevant IgG (Fig. 1d) or with ␣-p300 (Fig. 7) . Moreover, by pull-down and coprecipitation experiments, we determined that N-CoRs and HDACs bind to different IB␣ regions (AA151-179 for N-CoRs and AA180-317 HDACs), thus suggesting that both proteins directly bind to IB␣ (see Supporting Text, which is published as supporting information on the PNAS web site, and Fig. 7 ).
To address whether these interactions were taking place in the nucleus or in the cytoplasm, we determined the subcellular distribution of IB␣ and the different repression elements. Consistent with previous reports (17), confocal microscopy revealed that endogenous IB␣ is mainly distributed in the cytoplasm, although the presence of a nuclear fraction displaying a punctuate pattern was consistently detected. Because the different repression elements displayed a predominantly homogenous nuclear distribution (data not shown), colocalization experiments of the endogenous proteins were not informative. Taking advantage of the fact that coexpression of ectopic HDAC5 with N-CoR induced relocalization of both repression elements into nuclear speckles, we now performed colocalization experiments in these conditions. We detected endogenous IB␣ colocalizing with some, but not all, N-CoR͞HDAC5-containing nuclear speckles (Fig. 2a) , suggesting that IB␣ might be a component of specific repression complexes. Because different cytokines such as TNF-␣ lead to IB phosphorylation and subsequent degradation (14), we tested whether IB was involved in regulating repression complexes by incubating the N-CoR͞HDAC5-transfected cells with TNF-␣ for 30 min. We observed a 30-40% reduction in the number of cells displaying N-CoR͞HDAC5-containing speckles in these conditions (Fig.  2b) . A similar reduction in the number of nuclear speckles was observed when N-CoR and HDAC5 were transfected into IB␣ Ϫ/Ϫ MEF. Moreover, these complexes were not responsive to TNF-␣ treatment (Fig. 2c) . When IB␣ Ϫ/Ϫ MEF were reconstituted with IB␣ [32] [33] [34] [35] [36] , the number of cells displaying the nuclear speckles increased up to 65%, similar to that observed in the IB␣ WT MEF (Fig. 2c) . Nevertheless, chronic TNF-␣ treatment plays a double role in regulating the levels of IB␣; first, triggering its degradation and next, activating its synthesis to terminate NF-B signaling (30) . Consistent with this, we observed that N-CoR͞HDAC5-containing speckles increased after 2 h of TNF-␣ treatment (data not shown), coinciding with the increase in the levels of IB␣ protein. Together, these observations strongly suggested a role for IB␣ in the formation or stabilization of specific repression complexes.
Because we previously reported that IB␣ modulates the expression of different Notch-target genes such as hes1 (11), we now hypothesized that the IB␣ fraction that interacts with repressor elements was directly responsible for hes1 repression. To test this, we performed ChIP assays to investigate whether IB␣ protein was recruited to the promoter region of this gene.
We consistently detected the hes1 promoter from chromatin precipitated with two different ␣-IB␣ antibodies (Fig. 3a) , thus indicating that this promoter is indeed occupied by IB␣. As a control, we could not amplify hes1 from precipitates with different nonrelevant immunoglobulins (Fig. 3a) . We next investigated whether the recruitment of IB␣ to the hes1 promoter was fine-tuned in response to TNF-␣. For these studies, we performed ChIP assays from 3T3 cells treated with TNF-␣ at various times after stimulation. We detected a strong association of IB␣ with the hes1 promoter in control conditions, that progressively decreased after 30 min of TNF-␣ treatment, was minimal at 45-60 min, and reappeared after 90 min of treatment (Figs. 3b and 4a ). Of note is that IB␣ dissociation kinetics was delayed compared with the kinetics of cytoplasmic IB␣ degradation, suggesting the presence of a specific mechanism that regulates chromatin-associated IB␣ (Fig. 3b) . We next tested whether phosphorylation and degradation of IB␣ by TNF-␣ were occurring in the nuclear fraction. Western blot from 3T3 nuclear extracts showed that nuclear levels of IB␣ were moderately affected after TNF-␣ treatment, as described (31) . In contrast, phosphorylation at serine 32-36 of IB␣ consistently increased after 30-60 min of treatment, coinciding with the release of IB␣ from the hes1 promoter, thus suggesting that the interaction between IB␣ and the chromatin may be regulated by phosphorylation. As a control, p65 is recruited to the nucleus after TNF-␣ treatment, whereas HDAC1 is constitutively detected in the nuclear fraction (Fig. 3b) .
Because we previously reported that not only IB␣ but also p65 plays a role in regulating hes1 transcription (11), and because p65 can bind to a very broad spectrum of NF-B-dependent and -independent genes (32), we tested whether the hes1 promoter was also occupied by p65. We observed that p65 was only marginally, but constitutively, associated with the hes1 promoter in a TNF-␣-independent manner (Fig. 3b) , suggesting that hes1 is not regulated by the recruitment of NF-B transcription factors to its promoter. Further studies were performed to define whether IB␣ was also associated with classical NF-Bdependent promoters such as IL6 and RANTES. We detected IB␣ recruitment to these promoters neither in control conditions nor after TNF-␣ stimulation up to 90 min ( Fig. 3 c and d) . As expected, p65 was recruited to these promoters in a TNF-␣-dependent manner (Fig. 3 c and d) . In contrast, we did not detect association of IB␣ or p65 to the ␤-actin gene (Fig. 3e) .
Altogether, these results demonstrate that IB␣ binds to the hes1 promoter, and that this association is regulated by TNF-␣. Because of the kinetics observed for the association of IB␣ and p65 to the hes1 promoter, the possibility that p65 may be involved in recruiting IB␣ to the chromatin instead of IB␣ binding itself might be considered. We next extended our study to different Notch targets and other unrelated genes, and we detected IB␣ associated not only with hes1 but also with the Notch-target gene herp-2, but not with hes5 or the Notch-unrelated genes histone H4, ␤-globin, or hoxB7. As a control, we used IB␣ Ϫ/Ϫ MEF and, as expected, we could not amplify any of these promoters from the IB␣ precipitates (Fig. 3f ) .
Because we speculated that chromatin-associated IB␣ is playing a role in gene repression, we investigated whether IB␣ recruitment inversely correlates with acetylation of histone H3 and transcriptional activation of the hes1 promoter in response to TNF-␣. Our results demonstrate that acetylation of Lys-14 of histone H3 in the hes1 promoter progressively increased after 30 min of TNF-␣ treatment, being maximal at 60 min (Fig. 4a) . This kinetics nicely correlates with the release of IB␣ from the hes1 promoter (Fig. 4a) and with the increased transcriptional activation measured by hes1 mRNA levels (Fig. 4b) . In contrast, we did not observe any changes in the acetylation levels of the histone H4 promoter (Fig. 4a) .
Based on these results, together with the observed interaction of IB␣ with different repression elements, we hypothesized that nuclear IB␣ could be recruiting deacetylase activities to specific promoters. To test this possibility, we precipitated chromatin from untreated or 60-min TNF-␣-treated 3T3 cells with the ␣-IB␣, followed by a second precipitation with ␣-HDAC1 or -5 antibodies (Fig. 4c) . We consistently detected hes1 in both ␣-HDAC1 and -5 precipitates from untreated cells, indicating that IB␣ and HDACs coincide on this promoter in the absence of stimuli. As a control, we could not detect hes1 promoter in the precipitates from TNF-␣-treated cells when IB␣ is not present in this promoter (Fig. 4c) . To further confirm the role of IB␣ in repressing the hes1 gene, we performed Northern blot assays and determined hes1 mRNA levels in the IB␣ Ϫ/Ϫ MEF compared with WT after TNF-␣ treatment. In the absence of stimuli, we detected higher levels of the hes1 mRNA in the IB␣ Ϫ/Ϫ MEF compared with WT (Fig. 4d) . Surprisingly, hes1 transcription was consistently down-regulated after 60-min TNF-␣ treatment in both knockout and WT cells (Fig. 4d) , suggesting that IB␣ is not required for the late repression of this gene or that in the absence of IB␣, other compensatory mechanisms are operational. These observations strongly support that chromatin-associated IB␣ is involved in the recruitment of specific repression complexes in the noninduced state, and that TNF-␣ regulates hes1 transcriptional activation by modulating the association of IB␣ with the hes1 promoter.
While this work was in progress, a new mechanism for TNF-␣-dependent gene activation involving a nuclear function of IKKs, the upstream regulators of the NF-B signaling, was reported (22, 23) . Both IKK-␣ and -␤ are shown to be recruited to NF-B-dependent promoters after TNF-␣ treatment, where IKK-␣ is responsible for phosphorylating Ser-10 of histone H3 and activation of gene transcription. Nuclear function of IKK-␤ is still unknown. Because IKKs could also play a role in NF-B-independent gene transcription (33), we next investigated whether these kinases are involved in hes1 transcription in response to TNF-␣ stimulation. ChIP assay with ␣-IKK-␣ and -␤ antibodies demonstrated that both kinases are recruited to the hes1 promoter in response to TNF-␣ with a maximum at 60 min of treatment (Fig. 5a) , whereas, as a control, we did not detect IKK-␣ or -␤ bound to the ␤-actin gene. The simultaneous presence of both IKKs on the hes1 promoter coincides with its higher transcriptional activity and with the release of IB␣ from the chromatin (Fig. 4 a and b) . Because IB␣ is the bestcharacterized IKK substrate, and we observed that phosphorylation of nuclear IB␣ is maximal at 30-60 min of TNF-␣ treatment (Fig. 3b) , it is tempting to speculate that recruitment of IKKs to the promoters could induce phosphorylation and subsequent degradation of chromatin-associated IB␣. To further determine the role of IKKs in the regulation of chromatin associated IB␣, we performed ChIP assays with ␣-IB␣ from IKK-␣ Ϫ/Ϫ and -␤ Ϫ/Ϫ MEFs. Release of IB␣ from the hes1 promoter was affected in IKK-␣ Ϫ/Ϫ cells, because we detected only a slight decrease after 60 min of TNF-␣ treatment (Fig. 5b ) compared with 3T3 cells (Fig. 4a) . In contrast, in IKK-␤ Ϫ/Ϫ MEFs, TNF-␣ stimulation results in the release of hes1-associated IB␣ after 60 min (Fig. 5b) . We next tested the acetylation kinetics of the hes1 promoter in response to TNF-␣ in the absence of IKK-␣ or -␤. Consistent with the stabilization of hes1-associated IB␣ in the IKK-␣ Ϫ/Ϫ cells, TNF-␣ treatment results in minor changes in the acetylation of Lys-14 of histone H3 in this promoter (Fig. 5b) , concomitant with a reduced transcriptional activation of the gene (Fig. 5c) . In contrast, in the IKK-␤ Ϫ/Ϫ cells, Lys-14 of histone H3 on the hes1 promoter is acetylated in response to TNF-␣ coinciding with the transcriptional activation of the hes1 gene (Fig. 5 b and c) . Altogether, these results suggest that IKK-␣ plays a predominant role in the release of IB␣ from the hes1 gene, although both IKK-␣ and -␤ are recruited to the promoter in response to TNF-␣. Additional work should be done to better characterize the role of hes1-associated IKK-␣ and -␤.
In summary, our results are consistent with a previously undescribed role for IB␣ in recruiting HDAC activity to repress the hes1 gene. TNF-␣ treatment results in the release of hes1-associated IB␣, coinciding with the transcriptional activation of this gene. In addition, both IKK-␣ and -␤ proteins are simultaneously recruited to the hes1 promoter, strongly suggesting a role for these proteins in regulating hes1 transcription. In agreement with this, IB␣ release, histone acetylation, and hes1 activation are impaired in IKK-␣ Ϫ/Ϫ cells.
Discussion
We previously demonstrated that IB␣ binds to the SMRT corepressor, leading to changes in its subcellular localization and affecting the transcription of NF-B-independent promoters (11) . Although IB proteins were first identified as cytoplasmic inhibitors of NF-B, it is now clear that they shuttle between the nucleus and the cytoplasm (17) . An important nuclear function postulated for IB␣ is the repression of the NF-B signal by inducing the nuclear export of the transcription factor (34) . In this work, we investigate the putative role of nuclear IB␣ in transcriptional repression on non-NF-B target genes. We here describe that IB␣ interacts with N-CoRs and HDACs and is recruited to the regulatory sequences of the Notch-target promoters hes1 and herp2. Chromatin-associated IB␣ is released from the hes1 promoter in response to TNF-␣ correlating with increased levels of histone H3 acetylation, strongly suggesting that deacetylase activity is associated with the presence of IB␣. Consistent with this, we demonstrate that HDAC1 and -5 are associated with the hes1 promoter together with IB␣. Moreover, IBa Ϫ/Ϫ cells showed increased basal hes1 transcription and failed to up-regulate hes1 in response to TNF-␣. Nevertheless, late TNF-␣-dependent repression is still operating in these cells. Although this repression could be explained by IB␣-independent mechanisms, we consider most likely that other IB members could compensate IB␣ deficiency. In agreement with this, there is strong evidence for IB␤ compensation in IB␣ Ϫ/Ϫ cells (20, 35) . Although this is a completely unexpected function for IB␣, a new mechanism for TNF-␣-dependent gene activation has recently been reported involving a nuclear function of another upstream regulator of the NF-B signaling, IKK-␣ (22, 23) . IKK-␣ is recruited to NF-B-dependent promoters after TNF-␣-treatment to phosphorylate Ser-10 of histone H3 and to activate gene transcription. In fact, both IKK-␣ and -␤ are recruited to NF-B-dependent promoters, although the function of chromatin-associated IKK-␤ is not known. Recently, the possibility that IKKs are associated with NF-B-independent promoters has been suggested (33) . We have demonstrated that both IKK-␣ and -␤ are recruited to the hes1 promoter, and that the release of IB␣ is affected in IKK-deficient cells. Because IB␣ is a well known IKK substrate, and based in the kinetics of nuclear IB␣ phosphorylation, it is reasonable to speculate that recruitment of 5) and IKK-␤ Ϫ/Ϫ (lanes 6 -10) MEF treated with TNF-␣ at the indicated time points. 28s ribosomal RNA is shown as a loading control. RNA levels were quantified and the ratio between hes1 and 28s is represented (Lower). Differences between IKK-␣ Ϫ/Ϫ and -␤ Ϫ/Ϫ were statistically significant, being the median area under the curve (AUC 0min-60min) of 3.43 and 4.18, respectively (P ϭ 0.032). One representative of three independent experiments is shown.
IKKs to NF-B-independent promoters upon TNF-␣ treatment could induce phosphorylation and subsequent degradation of chromatin-associated IB␣. Because we cannot exclude that most of the nuclear IB␣ is phosphorylated in the cytoplasm, future work should address whether IB␣ bound to specific promoters is phosphorylated and requires the recruitment of IKK-␣ and͞or -␤. Because maximal recruitment of IKKs to the hes1 promoter is observed after 60 min of TNF-␣ induction, coinciding with the maximal activation of this gene, it is possible that hes1-associated IKK-␣ is also phosphorylating histone H3, as reported for NF-B-dependent genes (22, 23) .
Current experiments are directed toward investigating the role of IB␣ in different promoters as well as the mechanism that dictates the specificity of the IB␣-containing complexes that respond to TNF-␣. That we could not detect IB␣ in IL6 or RANTES promoters suggests this regulatory mechanism does not generally operate on NF-B target genes. Nevertheless, numerous genes are regulated by NF-B and, to completely exclude this possibility, a broader spectrum of early-and lateresponding NF-B promoters should be analyzed in more detail.
The physiological significance of the TNF-␣-dependent hes1 up-regulation is extremely intriguing. Hes1 is a basic helix-loophelix protein with a well characterized transcriptional repression function. Most of the Hes1 target genes are tissue-specific transcriptional activators involved in cell differentiation such as MASH1 or neurogenin (36) . Based on our results, it is tempting to speculate on a putative role of Hes1 protein in the postactivation repression or delayed activation of NF-B-dependent genes after TNF-␣ treatment. Indeed, Hes1 has already been reported to repress an NF-B target gene (37) . This hypothesis is currently under investigation.
Together, our results support the idea that IB␣ binds to the chromatin in specific promoters (hes1 and herp2) to facilitate HDAC recruitment. After TNF-␣ treatment, IKK-␣ and -␤ associate with the same promoters, leading to the release of IB␣ and permitting gene activation (see model in Fig. 6 ).
